SUMMARY. We investigated the effect of pacing from the atrium and various ventricular sites on the left ventricular end-systolic pressure-volume relation following autonomic blockade in a total of 10 dogs chronically instrumented to measure left ventricular pressure and determine left ventricular volume from three ultrasonic endocardial dimensions. During ventricular pacing, left ventricular end-diastolic volume, stroke volume, and end-systolic pressure were decreased, while the end-systolic volume was relatively unchanged. Left ventricular end-systolic pressure-volume relations were generated by vena caval occlusions during pacing at a constant rate from the left atria, and the epicardium of the right ventricular free wall, right ventricular apex, and left ventricular free wall. The left ventricular end-systolic pressure-volume relations were described by straight lines for each site (r > 0.96 and SEE < 2.9 mm Hg in all but one instance). Compared to arrial pacing, the left ventricular end-systolic pressure-volume relations were shifted (P < 0.001) to the right during pacing from ventricular sites. During atrial pacing, the volume intercept of the left ventricular end-systolic pressure-volume relation was 16.0 ± 7.2 ml (mean ± SD), and increased to 18.7 ± 7.8 ml (P < 0.05) during pacing from the right ventricular free wall, to 19.6 ± 7.7 ml (P < 0.05) during pacing from the right ventricular apex, and to 20.0 ± 7.5 ml (P < 0.05) during pacing from the left ventricular free wall. These volume intercepts correlated roughly with the extent of dyssynchronous activation as estimated by the QRS duration (r = 0.59 to 0.93) and the time for left ventricular endocardial activation (r = 0.92 and 0.95). During ventricular pacing, the slope of the left ventricular end-systolic pressure-volume relation changed only slightly. Similar results were obtained during pacing from right ventricular endocardial sites. We conclude that alterations of the normal activation sequence produced by ventricular pacing depress left ventricular pumping function independent of loading conditions, as indicated by a rightward shift of the left ventricular end-systolic pressure-volume relation. The extent of this shift appears to be in proportion to the degree of dyssynchronous activation. The decreased stroke volume during ventricular pacing is due both to a decreased end-diastolic volume (decreased preload) and the rightward shift of the end-systolic pressure-volume relation (decreased pump function). (CircRes 57: 706-717, 1985) THE left ventricular end-systolic pressure-volume relation has been shown to be a sensitive index of left ventricular systolic function that is relatively independent of loading conditions. The relation is linear in normally contracting isolated canine hearts, chronically instrumented dogs, and man (Grossman et al., 1977; Sagawa, 1978 Sagawa, , 1981 Sodums et al., 1984) . The slope of the relation is sensitive to changes in ventricular performance resulting from global interventions, increasing in response to positive inotropic interventions and decreasing with negative inotropic interventions, whereas the volume axis intercept is relatively unchanged. Acute regional ischemia produced by coronary occlusion in isolated, isovolumic canine hearts (Sunagawa et al., 1983) , or chronically instrumented dogs (Little and O'Rourke, 1985) results in a rightward shift of the end-systolic pressure-volume relation (an increase in the volume axis intercept with little change in the slope). The effect of nonischemic alterations of regional end-systolic function on the left ventricular end-systolic pressure-volume relation has not been previously determined. During dyssynchronous left ventricular activation produced by ventricular pacing, the early activated areas of the left ventricle bulge paradoxically late in systole, displaying a motion similar to that observed when ischemic dysfunction prevents regional contraction (Hood et al., 1969; Miyazawa et al., 1977; Badke et al., 1980; Little et al., 1982) . This suggests that failure of a portion of the ventricle to contract at end-systole due to dyssynchronous activation might produce a rightward shift of the left ventricular end-systolic pressure-volume relation similar to that seen with regional ischemia; however, this has not been previously demonstrated.
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Whether dyssynchronous activation of the left ventricle affects left ventricular systolic performance independent of changes in loading conditions has not been previously determined. Previous studies of the effects of ventricular pacing using indices of ventricular performance that are influenced not only by the left ventricular pumping function, but also by the presence or absence of atrial contraction and mitral regurgitation, as well as by changes in loading conditions, heart rate, and autonomic reflexes, have produced conflicting results (Starzel et al., 1955; William-Olsson and Anderson, 1963; Lister et al., 1964; Badke et al., 1980; Grover and Glantz, 1983) . Also, whether the site of ventricular pacing influences left ventricular systolic performance has remained controversial (Meijler et al., 1962; Daggett et al., 1970; Walston et al., 1973) . Since the left ventricular end-systolic pressure-volume relation is relatively unaffected by loading conditions, it may be more ideally suited to the evaluation of left ventricular pump function during ventricular pacing.
Consequently, we studied the effect of alterations of the left ventricular activation sequence produced by ventricular pacing on the left ventricular endsystolic pressure-volume relation in chronically instrumented dogs. We found that alterations of the normal left ventricular activation sequence depress left ventricular systolic pumping function resulting in a righrward shift of the left ventricular endsystolic pressure-volume relation.
Methods

Instrumentation
Ten healthy, adult mongrel dogs (24.4 ± 1.9 kg, mean ± SD) were instrumented by a slight modification of the techniques we have previously described Sodums et al., 1984; Little and O'Rourke, 1985) . A sterile left lateral thoracotomy was performed under anesthesia with halothane (1-2%) following induction with xylene (1 mg/kg) and sodium thiopental (6 mg/kg)-The pericardium was opened widely. A micromanometer pressure transducer (Konigsberg Instruments) and a polyvinyl catheter for transducer calibration (i.d. 1.1 mm) were inserted through the apex into the left ventricle (Fig. 1) . Three pairs of ultrasonic crystals (5 MHz) were implanted in the endocardium of the left ventricle to measure the anterior-posterior, septal-lateral, and base-apex (l°ng axis) 707 dimensions of the left ventricle. A hydraulic ocduder cuff was placed around the inferior vena cava. Pairs of bipolar pacing electrodes were sutured to the epicardium of the left atrial appendage, the right ventricular free wall, the right ventricular apex, and the left ventricular free wall. In five dogs, an electromagnetic flow probe was placed around the ascending aorta. The wires and tubing were tunneled subcutaneously and brought out through the skin of the neck and the thoracotomy dosed.
Data Collection
All studies were performed with the dogs lying on their right side in a sling. The left ventricular catheter was connected to a pressure transducer (Statham P23Db) calibrated with a mercury manometer. The signal from the micromanometer was adjusted to match that of the catheter. The transit time of 5 MHz sound between the crystal pairs was determined and converted to distance assuming a constant velocity of sound in blood of 1.55 m/msec. The first derivative of left ventricular pressure (dP/dt) was obtained electronically from the micromanometer signal using an RC circuit with a linear frequency response to 70 Hz. Lead II of the surface electrocardiogram was recorded in all dogs. In two animals, endocardial electrograms from each of the six endocardial crystals were also recorded during atrial and ventricular pacing. The analog signals were recorded on an eight-channel oscilligraph (Beckman Instruments) and were digitized with an on-line 12-bit analog-to-digital converter (Dual Control System) at 10-msec intervals (100 Hz) and stored on a floppy disk memory system utilizing a Zobex computer system.
Experimental Protocol
After full recovery from the thoracotomy (10-14 days), the dogs were sedated with fentanyl (0.03-0.06 mg/kg) in combination with droperidol (1.5-3.0 mg/kg) suffirient to allow intubation. In four dogs, endocardial bipolar pacing catheters were inserted percutaneously via the jugular vein and positioned under fluoroscopic visualization in the right ventricular apex and right ventricular outflow tract. To prevent reflex autonomic changes, the dogs were treated with atropine sulfate (0.2 mg/kg, iv) and propranolol (2 mg/kg, iv). The dogs were ventilated with room air. To minimize the effect of fluctuations in intrathoradc pressure, all data were recorded during 12-second periods while the dogs were apneic, with the glottis held open by the endotracheal tube (Little and O'Rourke, 1985) .
The hearts were paced using 0.5-msec pulses at threshold levels at the minimum rate (128 ± 8/min epicardial and 131 ± 16/min endocardial) which ensured complete capture from each of the pacing sites. This rate was held constant throughout the study. The heart of each animal was initially paced from the atrium, followed by pacing from each of the ventricular epicardial and/or endocardial sites in random order. At the conclusion of the study, atrial pacing was repeated to confirm that there had been no change in the preparation. During ventricular pacing, the atria were paced simultaneously with the ventricle to prevent atrial echo beats and intermittent capture of the ventricle by atrial impulses. Pacing at each site was performed until all hemodynamic parameters were stable. Data were then recorded during a steady state, nonintervention period to obtain baseline values. The end-systolic pressure-volume relation then was generated by sudden occlusion of the inferior vena cava. This caused a progressive fall of left ventricular end-systolic pressure (39 ± 1 4 mm Hg) and volume over the 12-second recording period (Fig. 2) . Immediately after the recording period, the vena caval occlusion was released. After all parameters had returned to their baseline level, the vena caval occlusion was repeated.
In four dogs, the effect of varying the ventriculo-atrial pacing interval was also assessed. The left ventricular endsystolic pressure-volume relation was generated in these animals during ventricular pacing while the interval from ventricular stimulation to atrial stimulation was varied from zero to 150 msec (the longest interval not associated with subsequent atrial capture of the ventricle).
Data Analysis
The stored digitized data were analyzed with a dedicated laboratory computer (Zobex) utilizing a computer (Sodums et al., 1984; Little et al., 1984) . Baseline hemodynamic values in each dog were obtained by averaging the data obtained during the 12-second steady state, nonintervention recording periods. The data obtained during the vena caval occlusions were analyzed at end systole. End systole was defined as the maximum ratio of left ventricular pressure to volume (Maughan et al., 1984) . End diastole was defined as the sample before the onset of the systolic upstroke of the high fidelity left ventricular pressure signal. End ejection was defined as peak negative left ventricular dP/dt which occurs slightly after end systole. The left ventricular volume was calculated as a modified general ellipsoid using the equation:
where V LV = left ventricular volume, DAP = the anteriorposterior left ventricular dimension, D S L = the septallateral left ventricular dimension, and DLA = the long axis left ventricular dimension. This method of volume calculation has been validated in our laboratory Sodums et al., 1984; Little and O'Rourke, 1985) and is similar to that used and validated by others (Olson et al., 1983) , except that we determined endocardial dimensions directly; thus, the subtraction of left ventricular wall thickness or volume was not necessary. In five animals, the method of volume calculation was assessed further by comparing the stroke volumes determined from the left ventricular volumes calculated from the ultrasonically measured dimensions to the stroke volumes measured by an ascending aortic flow probe during vena caval occlusions performed while the animal was paced from atrial and ventricular sites. In each animal, the calculated and measured stroke volumes during both atrial and ventricular pacing were related by a single linear relation (Table  1 ; Fig. 3 ). In agreement with our previous observations Little and O'Rourke, 1985; Sodums et al., 1984) , this indicates that this method of left ventricular volume calculation gives a consistent measure of left ventricular volume despite changes in left ventricular configuration produced by ventricular pacing.
The systolic shortening of each of the three left ventricular dimensions was calculated as:
where D S E is the diameter at the start of ejection and DEE is the diameter at end-ejection as previously described by Badke et al. (1980) .
The end-systolic pressure-volume data from each pacing site in each animal were fitted using the least squares technique (Dixon et al., 1983) to the following equation:
where P LV is the left ventricular pressure, E is the slope of the pressure-volume relation, V L v is the left ventricular end-systolic volume, and V o is the volume axis intercept at zero pressure. The effect of the various ventricular pacing sites on the pressure-volume relation were determined by comparison of the regression lines by analysis of variance and comparison of E and Vo during ventricular pacing with their values during atrial pacing (Glantz, 1981; Dixon et al., 1983) .
The time for electrical activation of the left ventricle during atrial pacing and during pacing from each of the ventricular sites was quantified by measuring the width of the QRS complex of lead II of the surface electrocardiogram recorded at 200 mm/sec paper speed. In the last two dogs, we also measured the time required for left ventricular endocardial activation from bipolar electrograms recorded from the six endocardial crystals located in the endocardium of the apex, base, interventricular septum, lateral wall, anterior wall, and posterior wall of the left ventricle ( Measured Stroke Volume (ml) All results are summarized as the mean ± 1 SD, and the level of significance was P < 0.05. Data were analyzed by analysis of variance. Intergroup comparisons were performed by paired f-tests or Wilcoxin tests with an appropriate correction for the performance of multiple comparisons using the Bonferoni inequality (Glantz, 1981) .
Postmortem Studies
At the conclusion of the experiments, the animals were killed, and the hearts examined to confirm the proper positioning of the instrumentation.
Results
Hemodynamic data from the steady state periods during pacing from the atria and the various ventricular epicardial sites are displayed in Table 2 . Typical analog recordings obtained during these steady state periods are shown in Figure 4 . In each animal, ventricular epicardial pacing resulted in a significant decrease in left ventricular end-systolic and end-diastolic pressure as well as the maximum and minimum dP/dt. Because of the preload dependence of maximum dP/dt (little, 1985) , maximum dP/dt was also compared at matched enddiastolic volumes during the vena caval occlusions. Measured in this manner, the maximum dP/dt during atrial pacing was 1972 ± 856 mm Hg/sec and decreased to 1251 ± 526 mm Hg/sec (P < 0.05) during right ventricular free wall pacing, to 1232 ± 413 mm Hg/sec (P < 0.05) during right ventricular apex pacing, and to 1240 ± 449 mm Hg/sec (P < 0.05) during pacing from the left ventricular free wall. Left ventricular end-diastolic volume decreased significantly during ventricular epicardial pacing, while left ventricular end-systolic volume was not significantly altered, resulting in a decrease in the stroke volume. The shortening of the three left ventricular diameters was altered by ventricular pacing ( Fig. 4; Table 2 ). During pacing from the right ventricular apex and free wall, the septal-lateral shortening was reduced (P < 0.05), while anteriorposterior and base-apex (long axis) shortening were relatively unaffected. Conversely, during pacing from the left ventricular free wall, anterior-posterior shortening was reduced (P < 0.01) while shortening of the other two dimensions was generally unchanged. Results are expressed as mean ± so. HR, heart rate; dP/dt, -dP/dt, maximum and minimum left ventricular time rate of pressure change; LVEDV, left ventricular end-diastolic volume; LVEEV, left ventricular end-ejection volume; LVESV, left ventricular end-systolic volume; CSV, crystal-derived stroke volume; LVEDP, left ventricular end-diastolic pressure; LVESP, left ventricular end-systolic pressure; AP%S, anterior-posterior percent shortening; SL%S, septal-lateral percent shortening; LA%S, long axis percent shortening; RVFW, right ventricular free wall; RV apex, right ventricular apex; LVFW, left ventricular free wall.
• P < 0.05 compared to atrial value. \P< 0.01 compared to atrial value.
Hemodynamic and dimensional data during pacing from the atria and the right ventricular endocardial sites axe displayed in Table 3 . The hemodynamic alterations and changes in the contraction pattern observed with endocardial pacing were similar to those noted during epicardial pacing.
Representative left ventricular pressure-volume loops and end-systolic pressure-volume relations, generated by vena caval occlusion, during pacing from the atria and the various ventricular epicardial sites are shown in Figures 5 and 6 . In each animal, Figure Z the end-systolic pressure-volume relations were described by a linear relation (r > 0.96 and SEE < 2.9 mm Hg for all relations except one) during both atrial and ventricular pacing (Table 4 ). In each animal, ventricular epicardial pacing produced a rightward shift of the left ventricular end-systolic pressure-volume relation such that, at each end-systolic pressure, the end-systolic volume during ventricular pacing was greater than during atrial pacing. This shift was highly significant (P < 0.001) for each pacing site in each animal by analysis of variance of the regression lines. The volume intercept of the left ventricular end-systolic pressure-volume relation during atrial pacing was 16.0 ± 7.2 ml (mean ± SD) and increased to 18.7 ± 7.8 ml (P < 0.05) during right ventricular free wall pacing, to 19.6 ± 7.7 ml (P < 0.05) during right ventricular apical pacing, and to 20.0 ± 7.5 ml (P < 0.05) during left ventricular free wall pacing. The slope of the relation showed no significant change during ventricular pacing.
The left ventricular end-systolic pressure-volume relations from the endocardial pacing sites in a typical dog are shown in Figure 7 . Similar to epicardial pacing, the relations were described by a straight line (r > 0.97 and SEE < 3.0 mm Hg) for each pacing site. Endocardial pacing also produced a significant (P < 0.001) rightward shift of the left ventricular end-systolic pressure-volume relation in each animal. The regression data for the endocardial pacing sites are shown in Table 5 . During atrial pacing, the volume intercept of the left ventricular end-systolic pressure-volume relation was 9.0 ± 2.3 ml and increased to 10.4 ± 2.8 ml (P < 0.05) during right ventricular outflow tract pacing, and to 10.6 ± 2.8 ml (P < 0.05) during pacing from the right ventricular apex. The slope of the end-systolic pressure- Results are expressed as mean ± SD. HR, heart rate; dP/dt, -dP/dt, maximum and minimum left ventricular time rate of pressure change; LVEDV, left ventricular end-diastolic volume; LVEEV, left ventricular end-ejection volume; LVESV, left ventricular end-systolic volume; CSV, crystal-derived stroke volume; LVEDP, left ventricular end-diastolic pressure; LVESP, left ventricular end-systolic pressure; AP%S, anterior-posterior percent shortening; SL%S, septal-lateral percent shortening, LA%S, long axis percent shortening; RV Endo apex, right ventricular endocardial apex; RVOT, right ventricular outflow tract. * P < 0.05 compared to atrial value.
volume relation was unchanged during ventricular endocardial pacing.
To evaluate the effect of the timing of atrial contraction upon the end-systolic pressure-volume relation during ventricular epicardial pacing, four dogs were studied during ventricular epicardial pacing utilizing varying ventriculo-atrial pacing intervals. Ventricular pacing with varying ventriculo-atrial activation intervals resulted in a rightward shift of the left ventricular end-systolic pressure-volume relation, with the volume axis intercept increasing while there was little change in the slope ( Fig. 8; Table 6 ).
In each of the animals, the shift of the volume axis intercept and the duration of the QRS complex were linearly related with r ranging from 0.58 to 0.93 (Table 7) . In two animals, the shift of the volume axis intercept was also compared to the left ventricular endocardial activation time (Fig. 9) and demonstrated a roughly linear correlation (r = 0.92 and 0.95).
Discussion
This study demonstrates that during ventricular pacing in closed-chest dogs, the left ventricular endsystolic pressure-volume relation remains linear, but is shifted rightward, increasing the volume axis intercept. This rightward shift of the relation occurs during pacing from both the ventricular epicardium and endocardium, and from both the right and left ventricles, and its magnitude appears to be related to the degree of dyssynchronous activation. This rightward shift of the left ventricular end-systolic pressure-volume relation indicates a depression of left ventricular pumping performance during ventricular pacing that occurs independent of changes in preload.
Normally, and during atrial pacing, the ventricles are rapidly and nearly synchronously (within 60 msec) activated through the rapidly conducting HisPurkinje system. In contrast, the rate and pattern of activation during ventricular pacing are markedly altered as depolarization spreads through the more slowly conducting ventricular myocardium. During ventricular pacing, the delay between the early and late activated areas of the left ventricle may be greater than 120 msec (Lister et al., 1964) . Since mechanical activity follows electrical activation, ventricular pacing produces dyssynchronous ventricular contraction which would be expected to Circulation Research/Vo/. 57, No. 5, November 1985 impair left ventricular systolic performance (Wiggers, 1925; Hotta, 1967) .
Previous studies have evaluated the effect of ventricular pacing on the rate of left ventricular pressure development, stroke volume, stroke work, cardiac output, and arterial blood pressure. Most of these studies have shown a depression of these parameters, as observed in this study, when ventricular pacing is compared with sinus rhythm or atrial pacing (Finney, 1965; Boerth and Covell, 1971; Walston et al., 1973; Miyazawa et al., 1976; Badke et al., 1980) . Some studies, however, have noted little or no change in one or more of these parameters (Graver and Glantz, 1983) . The interpretation of these observations is complicated by the fact that each of these parameters may be influenced not only by the left ventricular pumping function, but also by the presence or absence of atrial contraction, as well as by loading conditions, heart rate, and autonomic reflexes, all of which may be altered by ventricular pacing.
In this study, we used autonomic blockade, a constant paced heart rate throughout the experiment, and recorded data only during apneic periods to prevent the potentially confounding influences of changes in contractility, heart rate, and intrathoracic pressure. We assessed the effect of ventricular pacing on left ventricular pumping function by determining the end-systolic pressure-volume relation. This relation is relatively independent of alterations in preload and incorporates a measure of afterload, the end-systolic pressure (Sagawa, 1978 (Sagawa, , 1981 .
In agreement with previous studies (Miyazawa et al., 1978; Grover and Glantz, 1983) , both ventricular epicardial and endocardial pacing resulted in a decrease in left ventricular end-diastolic volume and stroke volume, whereas end-systolic volume was relatively unchanged. Our study indicates that the stroke volume falls during ventricular pacing for two reasons. First, left ventricular preload as meas- RVFW, right ventricular free wall; RV apex, right ventricular apex; LVFW, left ventricular free wall; n, number of points; r, Pearson correlation coefficient; E, slope of the left ventricular end-systolic pressure-volume relation (mm Hg/ml); Vo, volume axis intercept of the left ventricular end-systolic pressure volume relation (ml); SEE, standard error of the estimate (mm Hg). The dog numbers do not correspond to those in Table 1. * P 0.05 compared to atrial value. ured by the end-diastolic volume is decreased. Second, ventricular pacing depresses left ventricular pumping function independent of the fall in enddiastolic volume, as indicated by the rightward shift of the left ventricular end-systolic pressure-volume relation. This shift indicates that the stroke volume is reduced for any given end-diastolic volume and end-systolic pressure. Some previous studies in which different measures were used have also suggested that left ventricular performance is decreased during ventricular pacing (Gilmore et al., 1963; Boerth and Covell, 1971; Miyazawa et al., 1978; Badke et al., 1980) . Grover and Glantz (1983) observed a decrease in stroke volume during pacing from the endocardium of the right ventricular apex in closed-chest dogs due to a fall in end-diastolic volume, whereas endsystolic volume remained relatively constant. Since left ventricular end-systolic pressure was not significantly changed, they speculated that the left ventricular end-systolic pressure-volume relation and systolic pumping performance are not altered by ventricular pacing; however, the end-systolic pressure-volume relation was not explicitly determined in their study. We directly determined the left ventricular end-systolic pressure-volume relation and found that pacing from the ventricular endocardium or epicardium shifted the end-systolic pressure-volume relation to the right. Grover and Glantz's (1983) study was performed in dogs with intact autonomic reflexes. It is possible that, in their study, a reflex increase in contractility may have compensated for a rightward shift of the end-systolic pressure-volume relation during ventricular pacing.
Why does ventricular pacing produce a rightward shift of the left ventricular end-systolic pressure- RV Endo apex, right ventricular endocardial apex; RVOT, right ventricular outflow tract; n, number of points; r, Pearson correlation coefficient; E, slope of the left ventricular end-systolic pressure-volume relation (mm Hg/ml); Vj, volume axis intercept of the left ventricular end-systolic pressure-volume relation (ml); SEE, standard error of the estimate (mm Hg). Dog numbers correspond with those in Tables 4 and 7. * P < 0.05 compared to atrial value.
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Circulation Research/Vof. 57, No. 5, November 1985 90 volume relation? This shift is similar to the parallel rightward shift of the left ventricular end-systolic pressure-volume relation that occurs when contraction of a portion of the left ventricle is prevented by regional ischemia in the isolated, isovolumic dog heart (Sunagawa et al., 1983) and in the intact dog (Little and O'Rourke, 1985) . The magnitude of the shift is related to the size of the ischemic area. Regional end-systolic left ventricular dysfunction produced by ventricular pacing is similar, in some respects, to regional ischemia. Badke et al. (1980) found that ventricular pacing produced dyssynchronous left ventricular contraction with reciprocal interactions between the early and late activated areas. At end systole, the initially activated portions of the left ventricle were no longer contracting, and thus, would not be expected to contribute to the generation of end-systolic left ventricular pressure.
In agreement with this concept, several investigators (Hood et al., 1969; Miyazawa et al., 1977; Little et al., 1982) have observed that, during dyssynchronous left ventricular activation, early activated areas of the left ventricle bulge paradoxically late in systole, displaying a motion similar to that observed when ischemic dysfunction prevents regional contraction. Because of these similarities, a slight modification of the model by Sunagawa et al. (1983) of the regionally ischemic ventricle may also account for the rightward shift of the end-systolic pressurevolume relation we observed during ventricular pacing. The ventricle is considered to be composed of two compartments: an early activated region and a late activated region (Fig. 10) . The left ventricular pressure-volume relation is the sum of the relations of these two compartments. By end-systole, the early activated area is relaxing, and thus, may have a curvilinear pressure-volume relation similar to that seen in diastole. The pressure-volume relation of the late activated portion of the ventricle is similar to normal. At end-systole, the later activated region has displaced blood into the relaxing, early activated compartment. This increased volume in the early activated area moves it up to a relatively steep portion of its regional pressure-volume relation where the slope (or elastance) may be similar to the normal systolic value. In agreement with our observations, this model predicts that the resulting pressure-volume relation of the entire ventricle, in the range in which we studied, will be shifted to the right during ventricular pacing without much change in the slope. The magnitude of the shift will be equal to the volume of blood displaced into the early activated region, and, thus, proportional to the degree of dyssynchronous activation. This model does not take into account other factors that may also influence the left ventricular end-systolic pressure-volume relation during dyssynchronous contraction. These may include ventricular interdependence (Little et al, 1982) and the effect of the interaction of the dyssynchronously contracting fibers on their individual length-tension relations (Tyberg et al., 1969) .
In this study, the shift of the volume intercept of the end-systolic pressure-volume relation during ventricular pacing correlated roughly with the extent of dyssynchronous activation as estimated by the QRS duration and the ventricular activation time (Fig. 9 ). In agreement with the model, this suggests that the magnitude of the shift of the left ventricular end-systolic pressure-volume relation depends on the amount of dyssynchronous activation. Consistent with this hypothesis is Grover and Glantz's (1983) observation that pacing from sites near distal portions of the conduction system produced greater depressions of hemodynamic parameters than pacing from septal sites that result in a more normal pattern of ventricular activation.
Whether pacing from right or left ventricular sites produces greater depressions of left ventricular systolic performance is controversial. Some studies have shown right ventricular (Meijler et al., 1962) or left ventricular (Lister et al., 1964; Finney, 1965; Daggett et al., 1970) (Starzel et al., 1955; William-Olsson and Anderson, 1963; Tsagaris et al., 1970; Walston et al., 1973; Miyazawa et al., 1976) . We found that pacing from a right ventricular site produced the largest shift of the left ventricular endsystolic pressure-volume relation in some animals, whereas left ventricular pacing produced the greatest shift in others. These variations in the relative effect of pacing from right or left ventricular sites that we and others have observed may be due to differences in the degree of dyssynchronous activation depending on the location of the pacing site and its relation to the normal conduction system. We determined left ventricular end-systolic volume in this study from three orthogonal endocardial dimensions, determined by ultrasonic crystals. Since ventricular pacing alters the normal contraction pattern and geometry of the left ventricle, it might affect the validity of our volume calculations. The rightward shift of the left ventricular end-systolic pressure-volume relation occurred during pacing from each of the ventricular sites, despite a marked difference in the pattern of ventricular contraction produced by the different sites (Fig. 4) . In agreement with Olson et al. (1983) , we have previously observed that our method of left ventricular volume measurement gives consistent results despite alterations in left ventricular configuration produced by inferior vena caval or pulmonary artery occlusions, volume loading, vasoconstriction, or regional left ventricular ischemia Sodums et al., 1984; Little and O'Rourke, 1985) Grover and Glantz (1983) demonstrated that, during pacing from the atrium and various ventricular sites, the principal directions of left ventricular deformation remained relatively fixed with respect to the left ventricle's anatomy. These directions were oriented in the anterior-posterior, septal-lateral, and baseapex (l°ng axis) directions, identical to those measured by our ultrasonic dimension crystals. Furthermore, we found that the relation between the stroke volume calculated from the ultrasonically determined left ventricular volumes was consistently linearly related to the stroke volume measured by the ascending aortic flow probe (an independent technique), both during atrial and ventricular pacing, despite the changes in left ventricular geometry that occurred. Therefore, the ultrasonic crystal-derived left ventricular volume yields a consistent index of the left ventricular volume. This indicates that the shift of the left ventricular end-systolic pressurevolume relation that occurred during ventricular pacing was not due to a systematic alteration of the relation between true and calculated left ventricular volume.
In this study, we quantified the shift of the left ventricular end-systolic pressure-volume relation using the extrapolated volume axis intercept, V o . Since this is an extrapolated value, it may be influenced by alterations in the slope and the degree of maintain the normal ventricular activation sequence, in addition to preserving a properly timed atrial systole, may be important in order to optimize left ventricular pumping performance.
In summary, this study indicates that: (1) alterations of the normal left ventricular activation sequence depress left ventricular systolic pumping function, resulting in a rightward shift of the left ventricular end-systolic pressure-volume relation; (2) the extent of the rightward shift of the pressurevolume relation appears to be related to the degree of dyssynchronous activation of the left ventricle; and (3) the decrease in stroke volume during ventricular pacing results from both a decrease in left ventricular end-diastolic volume (decreased preload) and a rightward shift of the left ventricular endsystolic pressure-volume relation (decreased pump function).
